Rapamycin potently inhibits downstream signaling from the target of rapamycin (TOR) proteins. These evolutionarily conserved protein kinases coordinate the balance between protein synthesis and protein degradation in response to nutrient quality and quantity. The TOR proteins regulate (i) the initiation and elongation phases of translation, (ii) ribosome biosynthesis, (iii) amino acid import, (iv) the transcription of numerous enzymes involved in multiple metabolic pathways, and (v) autophagy. Intriguingly, recent studies have also suggested that TOR signaling plays a critical role in brain development, learning, and memory formation.
S
ynaptic plasticity, the capacity of neurons to modulate the strength of synaptic connections, is believed to be critical for learning and memory formation. Long-term synaptic plasticity (necessary for the formation of long-term memory) requires alterations in gene expression and the establishment of new synaptic connections (1) (2) (3) . These findings presented an interesting dilemma: That is, how can changes in gene expression in the cell body alter the strength of individual synaptic connections? Recent data suggest that stimulated synapses are ''tagged'' to capture mRNAs produced in the soma and exported throughout the cell (4) . Synaptic tagging thus results in localization of mRNAs only to those synapses marked by previous activity. This model also presupposes that long-term plasticity depends on local translation of the localized mRNAs. Indeed, ribosomes, tRNAs, translation initiation factors, and translation elongation factors are found in dendrites (5, 6) , and protein synthesis has been demonstrated to occur in isolated synaptic bodies (7, 8) . Functional studies have demonstrated that protein synthesis is required for potentiation of synaptic transmission elicited by neurotrophic factors in hippocampal slices (9) , and for the establishment of long-term facilitation in Aplysia neurons (10) . Kandel and coworkers implicated a specific intracellular signaling pathway in this process by demonstrating that serotoninstimulated synaptic protein synthesis can be blocked with rapamycin, an inhibitor of the target of rapamycin (TOR) proteins (11) .
The aim of this review is to outline a current model regarding the intracellular signaling pathway inhibited by rapamycin, to detail known downstream targets of this signaling module, and to discuss putative links between TOR signaling and localized protein synthesis in neurons.
Rapamycin and TOR
Rapamycin is a lipophilic macrolide, isolated from a strain of Streptomyces hygroscopicus indigenous to Easter Island (known as Rapa Nui to the inhabitants; ref. 12) . The intracellular rapamycin receptor in all eukaryotes is a small, ubiquitous protein termed FKBP12 (FK506-binding protein, molecular mass of 12 kDa; refs. 13, 14, 15) . A rapamycin-FKBP12 ''gainof-function'' complex interacts specifically with the evolutionarily conserved TOR proteins, to potently inhibit signaling to downstream targets. Two Saccharomyces cerevisiae TOR genes code for two large molecules (Ͼ280 kDa) sharing 67% identity at the amino acid level (16) (17) (18) (19) . Two Tor orthologs have also been isolated from Schizosaccharomyces pombe (20) . Metazoans appear to possess only one TOR protein. A single Drosophila melanogaster ortholog, dTOR, is present in the completed fly genome, and shares 38% identity with the S. cerevisiae Tor2 protein (21, 22) . A single mammalian TOR protein has been cloned from several species, and alternatively termed mTOR, FRAP (FKBP12 and rapamycin associated protein), RAFT (rapamycin and FKBP12 target), SEP (sirolimus effector protein), or RAPT (rapamycin target; refs. [23] [24] [25] [26] [27] . Here, we refer to the mammalian protein as mTOR. mTOR is 289 kDa and shares Ϸ45% identity with the S. cerevisiae Tor1 and -2 proteins, and 56% identity with dTOR (21-23, 26, 27) . The human, rat, and mouse mTOR proteins share Ͼ95% identity at the amino acid level (reviewed in ref. 28 ).
TOR Signaling
The TOR proteins have been assigned to a protein family termed the phosphatidylinositol kinase-related kinases (or PIKKs), a large group of signaling molecules that also includes the ataxiatelangiectasia mutated (ATM) protein, ATR͞FRP (ataxiatelangiectasia-and rad3-related͞FRAP related protein), and DNA-dependent protein kinase (DNA-PK; e.g., ref. 29) . Despite significant homology to lipid kinases, the TOR proteins (as well as the other PIKKs) function as Ser͞Thr protein kinases (reviewed in refs. 30 and 31).
How Does Rapamycin Inhibit TOR Signaling?
The rapamycin-FKBP12 gain-of-function complex inhibits downstream signaling from the TOR proteins in vivo. However, whether this complex directly inhibits the kinase activity of the TOR proteins is an unresolved issue. Rapamycin was reported to inhibit a moderate stimulation of mTOR kinase activity (measured in vitro, using an mTOR immunoprecipitate) in response to insulin treatment (32) , and rapamycin-FKBP12 can inhibit mTOR autokinase activity in vitro. However, it appears that a much higher concentration of rapamycin than is required in vivo is necessary to elicit this effect (ref. 33 ; and references therein). Furthermore, only very modest differences, or no change at all, in the kinase activity of TOR immunoprecipitates have been reported after mitogenic stimulation, amino acid withdrawal, or rapamycin treatment (refs. 22 and 33; and references therein). Rapamycin treatment of cells in culture does not inhibit autophosphorylation at S2481, as determined with a phosphospecific antibody directed against this site (33) . Finally, in S. cerevisiae, a mutation in the kinase domain of the Tor2 protein is lethal, yet rapamycin treatment of yeast leads only to G 1 arrest. If rapamycin were to inhibit Tor2p kinase activity, mutation of the Tor2p kinase region and rapamycin treatment should elicit identical phenotypes. Thus, whereas it is clear that rapamycin functions through an inhibition of downstream signaling from the TOR proteins, this repression may involve mechanisms other than a direct suppression of TOR kinase activity.
What Signals to TOR?
The TOR proteins do not appear to function as components of a conventional linear signaling pathway. Rather, several lines of evidence suggest that the TOR proteins function in a nutrient-sensing checkpoint control capacity. As discussed further below, both TOR and phosphoinositide 3-kinase (PI3K) signaling are required for the activation (or inactivation) of several downstream effector proteins. However, whether TOR activity is regulated by PI3K, or whether the two signaling pathways function independently, is unknown. Overexpression of a membrane-targeted Akt͞PKB protein (a downstream effector of PI3K) in mammalian cells leads only to a modest increase (or no change) in mTOR kinase activity (as assayed in vitro), and moderately increases mTOR autophosphorylation in vivo, as assessed with the S2481 phosphospecific antibody (32) (33) (34) .
A putative Akt consensus phosphorylation site, S2448, was observed to be phosphorylated on mTOR in vivo, as determined with a phosphospecific antibody. Addition of insulin or IL-3 engenders an increase in S2448 phosphorylation in a PI3K-and Akt-dependent manner (34, 35) . However, an mTOR mutant protein possessing an alanine substitution at this site retains the ability to activate S6K1 (a downstream effector of mTOR, see below) after growth factor stimulation (34) . Thus, the role of this phosphorylation event in the regulation of mTOR activity is not clear.
Inactivation of the TOR proteins, or rapamycin treatment, mimics nutrient deprivation in yeast, Drosophila, and mammalian cells (21, (36) (37) (38) . Thus, a current working model for TOR signaling proposes that these kinases relay a permissive signal to downstream targets only in the presence of sufficient nutrients to fuel protein synthesis (Fig. 1) . In some cases, the TOR proteins appear to function in a coregulatory capacity with other conventional, linear signaling pathways (such as the PI3K pathway; see below). In this way, a passive nutrient sufficiency signal may be combined with stimulatory signaling from a second pathway to coordinate cellular processes that require the uptake of nutrients. The absence of either signal is predicted to prohibit activation of downstream targets.
A Model for TOR Signaling. How does TOR signal to downstream effectors? TOR signaling is thought to be effected through a combination of direct phosphorylation of downstream targets, and repression of phosphatase activity (Fig. 2) . Genetic screening in S. cerevisiae has identified the PP2A-like phosphatase Sit4p, two PP2A regulatory subunits (CDC55 and TPD3), and a phosphatase-associated protein (Tap42p), as components of a rapamycin-sensitive signaling pathway (38, 39) . Tap42p interacts directly with the catalytic subunits of PP2A and Sit4p. S. cerevisiae expressing a temperature-sensitive Tap42 mutant protein exhibit a dramatic defect in translation initiation at the nonpermissive temperature (39) . Thus, Tap42p is thought to repress PP2A (or Sit4p) activity (also see refs. 40 and 41) .
Phosphorylation of Tap42p regulates its interaction with phosphatases. Whereas phosphorylated Tap42p competes with the phosphatase adapter (A) subunit for binding to the catalytic subunit, dephosphorylated Tap42p does not efficiently compete for binding (42) . Tap42p phosphorylation is modulated by Tor signaling. The Tap42p-PP2A association in vivo is disrupted by nutrient deprivation or rapamycin treatment (39, 42) . Further, a yeast Tor2p immunoprecipitate can phosphorylate Tap42p in vitro (42) , and Tap42p phosphorylation is rendered rapamycin resistant in yeast strains expressing a rapamycin-resistant Tor1 protein (42) .
Tap42 orthologs are found in Arabidopsis (43), Drosophila, (GenBank accession number AAF53289), and mammalian cells (44, 45) . The B cell receptor binding protein ␣4 (a.k.a Ig binding protein 1, IGBP1) is the mammalian ortholog of Tap42p (44, 45) . The ability of this protein to interact with PP2A-like phosphatases is conserved in mammals, as ␣4 binds directly to the catalytic subunits of PP2A (46, 47) , PP4, and PP6 (48, 49) . Like Tap42p, ␣4 is also a phosphoprotein, and the ␣4-PP2A interaction was reported to be abrogated by rapamycin treatment (although this finding remains somewhat controversial; refs. 46 and 47). These observations suggest that Tap42p͞␣4 phosphorylation, and PP2A binding, are regulated by TOR signaling, and that an inhibition in TOR signaling leads to Tap42p͞␣4 dephosphorylation, dissociation of the Tap42p͞␣4-phosphatase complex, and phosphatase derepression.
Interestingly, mTOR was reported to undergo nucleocytoplasmic shuttling (50) . Abrogation of shuttling (by treatment with leptomycin B, a specific inhibitor of the nuclear export receptor Crm1, or by transfection of mTOR tagged with exogenous nuclear export or import signals) was demonstrated to inhibit signaling to S6K1 and 4E-BP1 (50) . Why mTOR shuttling may be important for 4E-BP1 and S6K1 activity is unknown (50) .
TOR Signaling Modulates the Phosphorylation State of Proteins Involved in Translational Control
Tor and Translation in S. cerevisiae. Inhibition of Tor activity in yeast potently represses translation initiation, concomitant with polysome disaggregation and cell cycle arrest in G 1 (36) . The mechanism for this translational repression is not understood, but could be due, at least in some strains, to the degradation of the initiation factor eIF4G (51, 52) . A putative regulator of yeast eIF4E function, termed Eap1p (eIF4E-associated protein 1), may also be involved in this process, as disruption of the EAP1 gene results in partial rapamycin resistance (53) . The G 1 arrest in response to Tor inactivation was suggested to be due to the inhibition of translation of an mRNA coding for a cyclin involved in G 1 to S progression, CLN3, because the cell cycle block can be overcome by forced expression of CLN3 (54) (55) (56) . 59). However, whereas rapamycin treatment of S. cerevisiae leads to a precipitous disaggregation of polysomes, rapamycin treatment of mammalian cells specifically inhibits only the translation of certain classes of mRNAs. As detailed below, mTOR is thought to modulate translation of these mRNAs via the regulation of the phosphorylation state of several different translation effector proteins (Fig. 2) .
The S6Ks. The ribosomal S6 kinases (S6K1 and S6K2) regulate the translation of a group of mRNAs possessing a 5Ј terminal oligopyrimidine tract (5ЈTOP), a stretch of 4-14 pyrimidines found at the extreme 5Ј terminus of ribosomal protein mRNAs, and mRNAs coding for other components of the translation machinery (reviewed in ref. 60 ). When nutrient levels are low, the translation of 5ЈTOP-containing mRNAs is repressed. Even in the presence of sufficient nutrients, translation of 5ЈTOP-containing mRNAs is inhibited by rapamycin treatment (reviewed in ref. 59 ). 5ЈTOP-containing mRNAs are present in mammalian and Drosophila cells (61) , and comprise a significant amount of the total mRNA. The mechanism for 5ЈTOP regulation is not understood; however, two S6K substrates that could play a role in the modulation of 5ЈTOP translation are the ribosomal S6 protein and the translation initiation factor eIF4B (see below; reviewed in refs. 59 and 62). S6K activity is inhibited by both PI3K inhibitors and rapamycin, indicating that both PI3K and mTOR signaling are required for S6K activation (63) . A key finding in the understanding of this signaling module is that the PI3K and mTOR inputs to S6K1 can be separated. Deletion of an N-terminal S6K1 fragment confers rapamycin resistance to the S6K1 protein, yet this truncation mutant remains sensitive to treatment with PI3K inhibitors (64, 65) . These data thus argue against a linear pathway to S6K1 comprised of PI3K and mTOR, but instead suggest that two separate inputs are required for S6K activation.
4E-BPs.
Protein synthesis is regulated in many instances at the initiation phase (Fig. 3) , the stage during which a ribosome is recruited to the 5Ј end of an mRNA, and positioned at a start codon (reviewed in ref. 66 ). The eukaryotic ribosome does not have the ability to locate and bind to the 5Ј end of an mRNA; it must rely on a number of translation initiation factors to guide it there. The mRNA 5Ј end is distinguished by the presence of a ''cap'' (the structure m 7 GpppN, in which m is a methyl group and N any nucleotide), which is specifically recognized by the eukaryotic translation initiation factor 4E (eIF4E). eIF4E, via an interaction with one of two large scaffolding proteins, termed eIF4GI and eIF4GII, directs the translation machinery to the 5Ј end of the mRNA (reviewed in refs. 57, 58, and 62). The interaction between eIF4E and eIF4G is regulated in mammalian and Drosophila cells by a family of translation repressor peptides, the eIF4E-binding proteins (4E-BPs; refs. 67 and 68-71). The 4E-BPs compete with the eIF4G proteins for an overlapping binding site on eIF4E, such that binding of a 4E-BP or an eIF4G protein to eIF4E is mutually exclusive (72) (73) (74) .
Binding of the mammalian and Drosophila 4E-BPs to eIF4E is regulated by phosphorylation (67, 68, 70) . Whereas hypophosphorylated 4E-BPs bind with high affinity to eIF4E, 4E-BP hyperphosphorylation abrogates this interaction. As is the case with S6K1, the PI3K and TOR signaling pathways modulate 4E-BP phosphorylation. Immunoprecipitates of mTOR phosphorylate two ''priming'' sites in the mammalian 4E-BP1 protein in vitro (75) (76) (77) . This phosphorylation event is thought to be required for subsequent PI3K-dependent phosphorylation of other S͞T residues, resulting in release from eIF4E (refs. eIF4GI. Two eIF4G homologs have been identified in mammalian cells (81, 82) . Both eIF4GI and eIF4GII are phosphoproteins (83) . Whereas the intracellular signaling pathways that modulate the phosphorylation of eIF4GII have not been elucidated, phosphorylation of the eIF4GI isoform is regulated by mTOR and PI3K signaling. Three phosphorylation sites (S1108, S1148, and S1192) were demarcated in a C-terminal eIF4GI ''hinge'' region. Phosphorylation of the hinge residues is elevated by serum or insulin treatment, and is inhibited by rapamycin or PI3K inhibitors (83) . However, neither mTOR nor S6Ks can directly phosphorylate the hinge residues in vitro. Interestingly, eIF4GI proteins truncated at their N termini are constitutively phosphorylated on the hinge residues, even in the presence of PI3K or mTOR inhibitors (83) . Thus, rapamycin-insensitive kinases appear to phosphorylate these residues, but an aminoterminal domain could regulate the accessibility of the hinge phosphorylation sites to these kinases in a rapamycin-sensitive manner. The function of these phosphorylation events is unclear. Fig. 2 . Signaling to eukaryotic translation initiation and elongation factors. mTOR signaling, in combination with the PI3K pathway, activates the translation of rapamycin-sensitive mRNAs. In the presence of sufficient nutrients to fuel protein synthesis, mTOR and PI3K signaling activate the S6Ks, and one or more unknown kinases, to effect phosphorylation of the ribosomal S6 protein, eIF4B, eIF4GI, and the 4E-BPs. In response to agents that raise intracellular Ca 2ϩ (such as glutamate or NMDA), a specific Ca 2ϩ ͞CaM-dependent kinase effects the phosphorylation of eEF2 to inhibit elongation. mTOR signaling has been reported to inhibit eEF2 phosphorylation (possibly via inhibition of the eEF2 kinase), and thus, to increase elongation rates. Phosphatases have been implicated in the dephosphorylation of several translation effectors, but are not depicted in this figure.
The hinge region residues do not overlap with binding sites for any known eIF4GI interacting protein, and no differences in the interaction of eIF4GI with several known binding partners were observed for eIF4GI isolated from serum-starved vs. serumstimulated cells. It was thus suggested that phosphorylation could effect changes in eIF4GI structure, to increase eIF4GI activity toward rapamycin-sensitive mRNAs (83) . eIF4B. eIF4B is a ubiquitous protein that dramatically stimulates the activity of eIF4A, an RNA helicase thought to unwind mRNA 5Ј secondary structure (84) . Mammalian eIF4B is a phosphoprotein (85) , and treatment of cells with serum, insulin, or phorbol esters results in eIF4B hyperphosphorylation (62, 86) . eIF4B can be phosphorylated in vitro with several different kinases, including S6K1 (refs. 87 and 88; F. Peiretti and J. W. B. Hershey, personal communication). Two-dimensional tryptic phosphopeptide mapping has revealed that eIF4B possesses at least one serum-stimulated phosphorylation site that is sensitive to rapamycin and inhibitors of PI3K (B.R., F. Peiretti, A.-C.G., and J. W. B. Hershey, unpublished observations). Thus, PI3K and mTOR also appear to signal to eIF4B. Unlike the 4E-BPs and eIF4GI, however, eIF4B appears to be a direct target of the S6Ks. eEF2. Another level at which translation may be modulated in eukaryotes is the elongation phase (Fig. 3) . The eukaryotic elongation factors (eEFs) 1 and 2 regulate this process (reviewed in ref. 89 ). eEF1 promotes aminoacyl-tRNA binding to ribosomes, whereas eEF2 promotes the translocation of the mRNA from the ribosomal A site to the P site (90) . Phosphorylation of eEF2 by a specific Ca 2ϩ ͞CaM-dependent kinase inhibits eEF2 activity (reviewed in ref. 89 ). Amino acid withdrawal from cultured mammalian cells results in a marked increase in eEF2 phosphorylation, accompanied by a decrease in elongation rates (e.g., ref. 91). Many agents that raise intracellular Ca 2ϩ concentrations also bring about eEF2 phosphorylation, including histamine treatment of epithelial cells (92, 93) , or glutamate or N-methyl-D-aspartate (NMDA) treatment of neurons (see below). Conversely, insulin stimulation leads to eEF2 dephosphorylation, resulting in a decrease in ribosomal transit time, and an increase in elongation rates (94) (95) (96) . Rapamycin treatment inhibits the insulin-stimulated dephosphorylation of eEF2 (91, 96) . Thus, eEF2 phosphorylation also appears to be modulated by mTOR signaling. How mTOR signaling regulates eEF2 activity is unknown; mTOR has been proposed to regulate the activity of the eEF2 kinase and͞or to modulate the dephosphorylation of eEF2 via regulation of PP2A activity (89, 97) . As discussed further below, eEF2 activity has been implicated in the control of protein synthesis in neurons.
In sum, mTOR signaling regulates the phosphorylation state of many proteins involved in translation control, including the S6 kinases, the translation initiation factors eIF4B and eIF4GI, the translation elongation factor eEF2, and a family of translation inhibitory proteins, the 4E-BPs. Many other translation factors are also known to be phosphoproteins (62) , but the pathways modulating the phosphorylation state of these factors have not been studied. Additional proteins involved in translation control may thus also be downstream of mTOR.
TOR Regulates the Abundance of the Translation Machinery
In addition to its effect on the phosphorylation state of proteins involved in translational control, TOR signaling regulates the abundance of the components of the translation machinery (Fig.  1) , at both the transcriptional and translational levels. The Fig. 3 . The initiation and elongation phases of translation in eukaryotes. In starved or stressed cells, the cap binding protein eIF4E is sequestered by hypophosphorylated 4E-BPs. In growing or stimulated cells, the 4E-BPs are hyperphosphorylated to release eIF4E, such that it can interact with the scaffolding protein, eIF4G. In conjunction with the RNA helicase eIF4A and the cofactor eIF4B, 5Ј secondary structure is melted, and a small ribosomal subunit is recruited to a single-stranded, cap-proximal region of an mRNA via an interaction between eIF4G and the ribosome-associated factor eIF3. The small ribosomal subunit, along with a ternary complex composed of eIF2, GTP, and Met-tRNAi, then scans the mRNA in a 5Ј to 3Ј direction until an AUG start codon in the proper sequence context is encountered. At this point, initiation factors are released, and the large ribosomal subunit is recruited. The elongation factors catalyze aminoacyl-tRNA binding to ribosomes, and the translocation of the mRNA from the ribosomal A site to the P site.
number of ribosomes in a given cell can vary dramatically, according to growth conditions (reviewed in ref. 98) . Actively growing cells require numerous ribosomes (e.g., logarithmically dividing yeast cells produce 2000 ribosomes͞minute), and ribosome synthesis represents a major energy expenditure for the cell (98) . In S. cerevisiae, ribosome biosynthesis requires the transcription of over 100 different genes, involving all three RNA polymerases (98) . In response to nutrient availability, TOR signaling in S. cerevisiae regulates the transcription of rRNA by Pol I and Pol III (52, 99) , and the transcription of ribosomal protein mRNAs by Pol II (41, 52, 100, 101) . TOR signaling has also been implicated in the processing of the ribosomal 35S precursor rRNA (52) . When nutrients are limiting, ribosome production is curtailed (or a cell may even begin to degrade ribosomes, in a scavenging process termed autophagy; see below). The abundance of several yeast translation factors was also demonstrated to be regulated by the TOR pathway (52) . Transcriptional modulation in S. cerevisiae is responsible for a decrease in the mRNA levels of initiation and elongation factors after rapamycin treatment, although the extent of this transcriptional inhibition is less than that observed for the ribosomal proteins (52) .
Through the S6Ks, mTOR signaling regulates the translation of ribosomal protein mRNAs in mammalian cells (102, 103) . In Drosophila and mammalian cells, translation of the elongation factor mRNAs, and mRNAs coding for other proteins involved in translation, such as the poly(A) binding protein, is also regulated by the presence of the 5ЈTOP element (reviewed in ref. 60 ). Thus, the TOR pathway simultaneously regulates the abundance and activity of the translation machinery in both unicellular and multicellular organisms.
TOR as a Master Switch for Catabolism vs. Anabolism
In yeast, TOR signaling has been demonstrated to coordinate the activity of various metabolic pathways in response to nutrient quality (Fig. 1) . In particular, TOR signaling modulates the transcription of genes involved in amino acid biosynthesis, and regulates the activity of amino acid permeases. In both yeast and mammalian cells, TOR signaling regulates autophagy.
Nutrient-Sensitive Transcriptional Regulation. Switching yeast cells to a poor carbon or nitrogen source induces a state of quiescence (G 0 ). Whereas the transcription of many genes is inhibited after a switch from a rich to a poor nitrogen or carbon source (or after rapamycin treatment), global mRNA profiling has revealed that the transcription of mRNAs coding for proteins involved in nutrient utilization, respiration, and protein degradation is actually augmented (41, 100, 101, 104) . Tor signaling modulates gene expression via cytoplasmic sequestration of several nutrient-responsive transcription factors. For example, the GATA transcription factor Gln3p is retained in the cytoplasm through an interaction with the Ure2 protein, whereas the zinc-fingercontaining transcription factors Msn2p and Msn4p are sequestered in the cytoplasm via an interaction with the 14-3-3 protein Bmh2p (reviewed in ref. 38) . Starvation abrogates Tor signaling and results in a loss of cytoplasmic retention of Gln3p, Msn2p, and Msn4p, followed by nuclear translocation and transcription of various target genes (38, 41) . Tor signals to several specific effectors (Tap42, Mks1p, Ure2p, Gln3p, and Gat1p) to elicit changes in the expression levels of enzymes involved in several different metabolic pathways (104, 105) . How TOR signaling may affect the transcription rates of metabolic enzymes in multicellular organisms has not yet been elucidated.
Amino Acid Permeases. Permeases are necessary for nutrient uptake, and may be divided into two functional classes. One class is regulated in response to the available nitrogen source (e.g., the general amino acid permease Gap1p), and members of this class transport amino acids to be used as a nitrogen source. The second class mainly consists of high affinity permeases, which specifically transport one or a small group of related amino acids to be used as building blocks for protein synthesis. In starved yeast cells, or in cells treated with rapamycin, ubiquitination and degradation of the high affinity tryptophan permease Tat2p is induced, leading to a decrease in tryptophan import (40, 106) . This phenomenon is not unique to Tat2p, as a histidine permease (Hip1p) is also degraded upon nutrient deprivation or rapamycin treatment (106) . In contrast, rapamycin treatment increases the abundance of the general permease Gap1p, indicating that TOR signaling inversely regulates the two classes of permeases (106) . TOR regulation of permeases is mediated through the serine͞ threonine kinase Npr1p, whose phosphorylation is regulated by the Tor proteins and Tap42p, in a manner similar to the regulation of S6Ks and 4E-BPs in mammalian cells (40) .
Autophagy. When nutrient levels are low, eukaryotic cells degrade cytoplasmic proteins and organelles to scavenge amino acids, in a process termed autophagy (107) (108) (109) . Autophagy involves the sequestration of a portion of cytoplasm by a double (or multi) layered membrane structure termed the autophagosome or autophagic vacuole. This structure fuses with lysosomal or endosomal membranes, resulting in the degradation of cytoplasmic components. The TOR proteins regulate autophagy. Rapamycin addition to yeast cultures or to mammalian cells in culture induces autophagy, even in a nutrient-rich medium (110, 111) . Shifting a temperature-sensitive TOR2 yeast mutant to the nonpermissive temperature also induces autophagy (110) . In mammalian cells, autophagy is inhibited by amino acids and insulin. Activation of S6K is associated with inhibition of autophagy in rat hepatocytes, and the inhibition of autophagy by amino acids could be partially prevented by rapamycin treatment (111, 112) .
In sum, the TOR proteins appear to act as master regulators of the balance between protein synthesis and degradation. In the presence of sufficient nutrients to fuel protein synthesis, TOR provides a permissive signal to translation, ribosome biosynthesis, and high affinity amino acid permeases, while repressing autophagy and the general amino acid permeases. In the absence of TOR signaling, the translation of mRNAs coding for components of the translation machinery is specifically inhibited, ribosome biosynthesis is blocked, and autophagy is activated.
How Might TOR Signaling Be Involved in Learning and Memory?
The observation that rapamycin can inhibit long-term facilitation in Aplysia neurons has implicated TOR signaling in the control of neuronal protein synthesis (11) . How might a kinase involved in the regulation of protein metabolism also be involved in learning and memory? In fact, several putative links have been established between TOR and neuronal function.
Several types of neurotransmitters were described to affect the activity of the rapamycin-sensitive pathway leading to S6K1 and 4E-BP1 phosphorylation. Serotonin (5-HT) addition to Aplysia neurons or Chinese hamster ovary (CHO) cells expressing the 5-HT1B receptor increases phosphorylation of S6K1 in a rapamycin-dependent manner (113, 114) . Dopamine addition to CHO cells also activates S6K1 in a rapamycin-dependent manner (115) . (117) (118) (119) (120) . Gephyrin binding was reported to be required for signaling to S6K1 and 4E-BP1, and, consistent with a role in localized protein synthesis, a fraction-ation experiment demonstrated that mTOR and gephyrin were enriched in the synaptosomal fraction, but not the postsynaptic density fraction (117) .
Another possible connection between mTOR signaling and localized translation is via the modulation of eEF2 phosphorylation. Several studies have noted an increase in eEF2 phosphorylation in response to various neurotransmitters. For example, glutamate or NMDA treatment of cortical neurons in culture leads to a rapid and pronounced increase in eEF2 phosphorylation, and a decrease in translation rates in cell bodies and proximal (but not distal) cell processes (121) . Activation of the NMDA receptor also leads to eEF2 phosphorylation, in tadpole tecta (122) . It is tempting to speculate that mTOR could inhibit eEF2 phosphorylation in active synapses to locally derepress translation. It has also been suggested that eEF2 phosphorylation could actually enhance the translation of specific mRNAs localized to dendrites by driving these mRNAs from untranslated ribonucleotide particles or small polysomes into larger polysomes (122) (123) (124) (125) .
Another possible link between TOR and neuronal function is the regulation of autophagy. In addition to nutrient scavenging during starvation, autophagy has been demonstrated to play an important role in developmental processes that involve cellular remodeling, such as insect metamorphosis (126) or luteal regression (127) . Whereas neuronal death certainly involves apoptosis (128), several reports have suggested that an alternative form of cell death may occur in some nerve cells. For example, nerve growth factor (NGF)-deprivation of sympathetic neurons was reported to induce a rapid, 30-fold increase in autophagic particles, before any signs of DNA fragmentation (a hallmark of apoptosis) were observed. Treatment of these cells with the anti-autophagic drug 3-methyladenine delayed cell death (129) . In another study, autophagic vacuoles were observed in PC12 cells 3 h after serum starvation, whereas chromatin condensation did not occur until 6 h poststarvation (130) . Finally, the removal of specific spinal cord neurons in Xenopus tadpoles (a normal developmental process during metamorphosis) was also suggested to occur through autophagy-directed cell death (131) . Intriguingly, elevated levels of autophagy have been reported to be associated with neurodegenerative disorders such as Parkinson's disease (132) .
TOR Activity Is Required for Murine Forebrain Development
A recently described mouse mutant suggests that mTOR plays a critical role in embryonic brain development (133; K. Hentges and A. Peterson, personal communication). The murine flat top mutation was isolated in a chemical mutagenesis screen designed to identify genes involved in embryonic telencephalic development (133). Flat top defects include a failure of the embryo to up-regulate proliferation in the telencephalic primordium, and a failure to establish dorsal and ventral domains of gene expression in the developing telencephalon. Homozygous mutant embryos fail to rotate around the body axis, and die in utero (78) . The flat top mutation was mapped to a single nucleotide change in an mTOR intron, which leads to aberrant splicing. The protein products derived from these abnormally spliced mRNAs appear to be inactive (or much less active), because of the presence of a 3-aa insertion or 3-aa deletion at the intron-exon junction. Transgenic rescue experiments confirmed that mTOR is the affected gene in this animal, and a rapamycin injection regimen during pregnancy yields embryos with an identical phenotype (K. Hentges and A. Peterson, personal communication). Whether the brain defect is the result of a failure to inhibit autophagy, or is elicited through some other function of mTOR is unknown. S6K1 activity was demonstrated to be significantly lower (17% of wild-type levels) in flat-top embryos, but effects on other translation factors have not yet been determined. The flat top mouse should provide a very valuable tool for the study of TOR function in mammalian cells.
Summary and Future Prospects
The TORs are evolutionarily conserved protein kinases that regulate the balance between protein synthesis and degradation in unicellular and multicellular organisms. This complex balance is maintained via the regulation of translation initiation and elongation factor activity, the modulation of ribosome biosynthesis at both the transcriptional and translational levels, the control of amino acid permease activity, the coordination of the transcription of many enzymes involved in various metabolic pathways, and the control of autophagy. An interesting and unexpected finding was that mTOR also appears to play a critical role in embryonic brain development, learning, and memory formation.
There is still much to be learned. For instance, how the TOR proteins sense the quality or quantity of nutrients is unknown. The mammalian GCN2 kinase, which senses intracellular amino acid levels by binding to deacylated tRNAs, does not appear to play a role in this process, because amino acid withdrawal leads to S6K1 and 4E-BP1 dephosphorylation even in GCN2 null cells (C. Jousse and D. Ron, personal communication). Further, whereas the role of the TOR proteins in the control of metabolic enzymes and amino acid permeases in S. cerevisiae is now well documented, similar studies have not been conducted for the mammalian and Drosophila systems. The recent description of the Drosophila TOR homolog (dTOR; refs. 21 and 22) and the isolation of the murine flat top mTOR mutant (133) should provide invaluable tools for further dissection of the TOR signaling module in multicellular organisms.
